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INTRODUCTION 

Severa l  c o a l  l i q u e f a c t i o n  processes  a r e  be ing  developed by v a r i o u s  o r g a n i z a t i o n s .  
The i n i t i a l  o b j e c t i v e  appears  t o  be  t h e  product ion of low-sulfur b o i l e r  f u e l s  f o r  
power genera t ion ,  bu t  i t  is obvious t h a t  upgrading of t h e s e  c o a l  l i q u i d s  w i l l  be  
necessary  t o  make acceptab le  q u a l i t y  f u e l s  f o r  home, t r a n s p o r t a t i o n ,  and i n d u s t r i a l  
s e c t o r s  of our economy. 
der ived  l i q u i d s ,  t a r ,  and anthracene o i l  i n  t h e  p a s t .  More r e c e n t l y ,  E isen  (1) 
hydrogenated syncrudes from a wes tern  Kentucky c o a l  and a Utah c o a l  i n  an a t tempt  t o  
p r e p a r e  gas  t u r b i n e  engine f u e l .  S t e i n  e t  a l .  ( 2 )  repor ted  t h e i r  explora tory  s t u d i e s  
on hydroprocessing of Solvent  Refined Coal (SRC), H-Coal, and SYNTHOIL. Severa l  
i n s t i t u t i o n s  a r e  a l s o  s tepping  up t h e i r  a c t i v i t i e s  i n  c o a l  l i q u i d s  upgrading,  as 
evidenced by a recent  symposium ( 3 ) .  

This  r e p o r t  p resents  an e v a l u a t i o n  s tudy on hydroprocessing of a blend of 30 weight 
percent  SRC and 70 weight percent  SRC process  s o l v e n t .  It w a s  chosen as t h e  feed- 
s t o c k ,  because i n  some r e s p e c t s  i t  is t y p i c a l  of c o a l  l i q u i d s  such as SYNTHOIL o r  
mixtures  of atmospheric bottoms and vacuum bottoms of H-Coal. They have s i m i l a r  
b o i l i n g  p o i n t  ranges and high percentages  of asphal tenes ,  o rganic  s u l f u r  and n i t r o g e n .  
The s ingle-s tage  hydro t rea t ing  of t h e  SRC l i q u i d  over  convent iona l  n icke l - tungs ten  o r  
nickel-molybdenum c a t a l y s t s  does n o t  g i v e  very e f f e c t i v e  hydrogenat ion even under 
s e v e r e  condi t ions ,  whereas t h e  hydrogenat ion e f f e c t ,  a s  measured by t h e  i n c r e a s e  of 
H / C  atomic r a t i o ,  N-removal, and S-removal, i s  s u b s t a n t i a l l y  improved i n  t h e  second- 
s t a g e  hydroprocessing of the  hydro t rea ted  SRC l i q u i d .  

S tudies  have been conducted on t h e  upgrading of  coal-  

EXPERIMENTAL 

The hydroprocessing of c o a l  l i q u i d  w a s  s t u d i e d  i n  a 500-ml magnet ica l ly-s t i r red  
au toc lave .  A series of f a c t o r i a l  experiments f o r  s ing le-s tage  h y d r o t r e a t i n g  of 
SRC l i q u i d  was conducted using Ni -W supported on s i l ica-a lumina  (Harshaw Ni-4301E) 
a s  t h e  c a t a l y s t .  The feed  w a s  a blend of 30 p a r t s  SRC s o l i d  and 70 p a r t s  SRC s o l v e n t ,  
wi th  5 p a r t s  of c a t a l y s t  added p e r  hundred p a r t s  of t h e  feed .  Ranges of condi t ions  
were: temperature  375"-475"C, i n i t i a l  H2 p r e s s u r e  600-1,800 p s i g  ( t o  g i v e  opera t ing  
p r e s s u r e  900-2,900 ps ig  a t  r e a c t i o n  tempera tures) ,  and r e a c t i o n  t i m e  1-4 hours .  
The au toc lave  was s t i r r e d  a t  600-700 rpm dur ing  t h e  r e a c t i o n .  The r e a c t i o n  t i m e  w a s  
measured a f t e r  t h e  au toc lave  reached t h e  r e a c t i o n  temperature  i n  about 60-70 minutes ,  
and t h e  autoclave was quenched r a p i d l y  a f t e r  t h e  r e a c t i o n  by an i n t e r n a l  water  cool ing  
c o i l .  T o t a l  products  were f i l t e r e d  t o  o b t a i n  l i q u i d  o i l s .  Asphal tenes  and benzene 
i n s o l u b l e s  were determined according to  procedures  e s t a b l i s h e d  by t h e  Chemical and 
Ins t rumenta l  Analysis  Div is ion  of t h e  P i t t s b u r g h  Energy Research Center  ( 4 ) .  Boi l ing  
range d i s t r i b u t i o n s  of s e l e c t e d  o i l  p roducts  were obta ined  by gas  chromatography 
(ASm D2887). 

Various commercial c a t a l y s t s  have been t e s t e d  f o r  comparison. 
except ing  ZnC12 and noble  metal  c a t a l y s t s ,  were reduced, s u l f i d e d ,  and crushed t o  
p a s s  through a 60 mesh s i e v e  p r i o r  t o  use .  

Gaseous products  were analyzed by mass spectrometry.  

Most c a t a l y s t s ,  
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For a two-stage hydroprocessing,  t h e  SRC blend w a s  hydro t rea ted  over  a Ni-Mo c a t a l y s t  
(Nalco NM-504), i n  t h e  f i r s t  s t a g e ,  i n  a 5 - l i t e r  rocking au toc lave .  The product  was 
then  hydroprocessed over  a N i - W  c a t a l y s t  (Harshaw Ni-4301) i n  t h e  500-ml magnet ica l ly  
s t i r r e d  autoclave.  The experimental  c o n d i t i o n s  a r e  descr ibed  f u r t h e r  on. 

RESULTS AND DISCUSSION 

Single-Stage Hydrotreat ing.  Table  1 shows t h e  des ign  and t h e  r e s u l t s  of a s e r i e s  o f  
f a c t o r i a l  experiments wi th  t h r e e  v a r i a b l e s  of tempera ture ,  i n i t i a l  H p r e s s u r e ,  and 
time a t  t h r e e  l e v e l s .  
w a s  a blend of  SRC s o l i d  and SRC process  s o l v e n t  ( f o r  t h e  composite ana lyses ,  s e e  
Table  6 ) ,  and the  c a t a l y s t  was Ni-W supported on s i l ica-a lumina  (Harshaw Ni-4301E). 
The d a t a  a n a l y s i s  was made by computer, and t h e  dependence of v a r i o u s  measured 
c h a r a c t e r i s t i c s  ( Y ) ,  such as conversion of  pentane i n s o l u b l e s ,  C -C  hydrocarbon 
y i e l d ,  S-reduction, N-reduction, o i l  v i s c o s i t y ,  and H consumption on process ing  
v a r i a b l e s  (X)  of p r e s s u r e ,  temperature ,  and t i m e  was represented  by t h e  fol lowing 
q u a d r a t i c  polynumial 

The experiments  were c a r r i e d  o u t  i n  random or3er .  The feed 

1 4  
2 

The s t a t i s t i c a l  s i g n i f i c a n c e  of t h e  r e g r e s s i o n  c o e f f i c i e n t s  ( 6 ) has been t e s t e d ,  
and i t  w a s  observed t h a t ,  except  fo r  N-reduction and v i s c o s i t y ,  most c h a r a c t e r i s t i c s  
c o r r e l a t e  wel l  and pass  t h e  F - t e s t  f o r  f i t  wi th  95% confidence.  The q u a d r a t i c  
approximation yielded p l o t s  showing t h e  e f f e c t s  of i n i t i a l  H p r e s s u r e  and temper- 
a t u r e  on the  conversion of pentane i n s o l u b l e s  (benzene i n s o l u b l e  + asphal tene)  and 
on S-reduction i n  F igures  1 and 2 ,  r e s p e c t i v e l y .  

F u r t h e r ,  t h i s  equat ion can be used t o  r e p r e s e n t  c h a r a c t e r i s t i c  response s u r f a c e s  
dur ing  an opt imiza t ion  a n a l y s i s .  The a n a l y s i s  i s  made by f i n d i n g  an optimum p o i n t  
over  t h e  response s u r f a c e  of t h e  c h a r a c t e r i s t i c  being opt imized,  whi le  s imul taneous ly  
keeping o ther  c h a r a c t e r i s t i c s  w i t h i n  s p e c i f i e d  l e v e l s .  The main o b j e c t i v e  of t h e  
c o a l  l i q u i d s  upgrading i n  the  f i r s t  s t a g e  of a two-stage concept i s  hydrodesul fur i -  
z a t i o n  and hydrodeni t rogenat ion.  These r e a c t i o n s  can be  b e t t e r  achieved a t  h igher  
temperatures ,  bu t  H 
uneconomically high? Table  2 shows t h e  optimum c o n d i t i o n s  f o r  (1) achiev ing  a 
maximum S-reduct ion whi le  l i m i t i n g  H 
and C -C y i e l d  t o  5 weight  percent , ’ (2)  achiev ing  a minimum C -C4 hydrocarbon 
formaiion while  r e a l i z i n g  S-reduct ion of a t  l e a s t  80% and N-reauction of 35%, and 
( 3 )  achieving a maximum convers ion  of pentane i n s o l u b l e s  without  any c h a r a c t e r i s t i c  
c o n s t r a i n t s .  It appears  t h a t  temperature  i s  t h e  c o n t r o l l i n g  f a c t o r  f o r  achiev ing  a 
d e s i r e d  optimum. F igure  3 shows t h e  change of v a r i o u s  c h a r a c t e r i s t i c s  wi th  
temperature  a t  an optimum c o n d i t i o n  of 1,800 p s i  and 3.18 hours .  

Elemental ana lyses  were obta ined  f o r  some s e l e c t e d  o i l  p roducts .  
hydro t rea ted  products  were not  s u f f i c i e n t l y  r i c h  i n  hydrogen, and N and 0 c o n t e n t s  
were s t i l l  too high.  The S-removal w a s  r e l a t i v e l y  s a t i s f a c t o r y .  
t h e  H / C  r a t i o  i n c r e a s e s  only  from 0.92 to 1.1, r e g a r d l e s s  of the  i n c r e a s e  i n  H 
consumption. It appears  t h a t ,  under s e v e r e  condi t ions  a t  high temperatures ,  
a d d i t i o n a l  H2 i s  consumed i n  C -C 
N/C r a t i o  is  only moderate w i t t i  r h n g  H2 consumption. 

Various hydroprocessing c a t a l y s t s  (Table 3) were eva lua ted  a t  one s tandard  set  of 
condi t ions  used i n  the f a c t o r i a l  experiments .  The r e s u l t s  i n  Table 4 show t h a t  
Ni-Mo type c a t a l y s t  exhib i ted  t h e  b e s t  o v e r a l l  a c t i v i t y .  

2 

consumption and C1-C4 hydrocarbon formation could become 

consumption t o  2 .8  weight percent  ( 1 7 4 0  s c f / b b l )  

4 

In  g e n e r a l ,  t h e  

F igure  4 shows t h a t  

2 

hydrocarbon gases  formation.  The decrease  of t h e  

82 



83 



m 
0 

1 1 1 1 . 1  
r- 

I 1  . I  
m m 

I m 1 1 1 1  
U l m  
. I .  

N N O  4 m 

m 

m m  

m 
LOON 

4 

N 

N 
m 

a4 

I 



m 
U s 
h rl 

m U 

m 
W 
0 

8 

e 
i? 
'u 
h 

a 
m 
2 
m 
m 

U 

r 
$4 c 
rl 

U 

m 
N U 

.rl m 
0 

0 0 

rl 
? 
b 

9 
m rl 

m a 
rl 

r. 

rl N 

N 

N r. 

N m 
N 

m 
m 
ln 

m 
m 
m 

ro 

U 
m 

9 
m 
rl 

m 

d 

m 

ro 

4 N 

r. 

m r. 

0 r- 

rl 

N 

m 
In 

0 

r. 
W 

U 

r. ln 

r. 

rl N 

0 a 
4 

r. 

a rl 

m 
m ro 

-3 

rl 

m 

ln 

0 
\D 

r. 

ln 
W 

ro 

N ln 

ln 

U rl 

rn 
9 
N 

N 

r. N 

m 
m l. 

ro a 
rl 

rl 

m 
ln 

m 
N 
W 

m 
0 ro 

ro 
m 
d 

W 

N 
9 

0 

0 m 

.;f 

r. 
r. 

m 
0 

N 

ro 

a ln 

r. 
m 
OD 

0 

m ro 

m 
4 

9 
m 
rl 

0 

4 

m 

m 

m d 

r. 

m a 

N 00 

d 

U 

d ro 

U 
r. 
00 

m 
m m 

g g  
I P .a 

3ON22 

c r l  m o m  
0 m o a  

zF4 2 m  

r l N  

u u  m u  
. .  

m N  N m  

r l r l  
. .  

o r .  
N O  rl 
. .  

- 0  

w r .  N N  

. .  

a 0  r . m  

r l N  
. .  

r . m  

o r .  r o l n  
. .  

m o  
d m  
. .  

m m  

r . m  . .  
m u  r l N  

a r .  
r . O N  
u r l r .  rl 

. .  

N d O  
r l r l u  
r l N O  
. . .  

q u o  . .  
o h m  m m r l  

a m m  m m l n  
r l N r l  
. . .  

r . 4 m  

u l n u  
. . .  

a m 0  

N l n N  

m r o m  
. . .  

r - m  

u m ~  . . .  
N U 0  
d r o r l  

N 
r l m  U 

N Z  
c g  

U ln \D r - m  m o r l  
r l r l  

a5 



Two-Stage Hydroprocessing. A two-stage hydroprocessing w a s  conducted. I n  t h e  f i r s t  
s t a g e ,  the  SRC blend was hydro t rea ted  i n  a 5 - l i t e r  rocking au toc lave  at a n  i n i t i a l  
H p ressure  of 2,200 p s i  and 415OC f o r  4 hours .  I t  was judged t h a t  t h i s  c o n d i t i o n  
would give a good compromise of  h igh  S and N reduct ion  wi th  low H2 consumption and 
C -C y ie ld .  The c a t a l y s t  w a s  Ni-Mo on alumina promoted wi th  P 0 and S i 0  (Nalco 
d - 5 8 4 ) .  The product  was then used as t h e  feeds tock  f o r  a hydrocracking szudy o v e r  
Ni -W c a t a l y s t  on s i l ica-a lumina  (Harshaw Ni-4301). A s e r i e s  of f a c t o r i a l  experi-  

2 ments f o r  t h i s  second-stage hydrocracking was conducted a t  1,800 p s i  i n i t i a l  H 
p r e s s u r e ,  wi th  temperature  i n  t h e  range of 377"-433"C and r e a c t i o n  t i m e  i n  t h e  
range of 40-180 minutes. The r e s u l t s  of  t h e  f a c t o r i a l  experiments  are shown i n  
Table  5. 
Through a computerized r e g r e s s i o n  a n a l y s i s  of t h e  second-stage hydrocracking d a t a ,  
w e  were also a b l e  t o  determine t h a t  most c h a r a c t e r i s t i c s ,  such a s  pentane i n s o l u b l e  
conversion,  S-reduct ion,  N-reduction, H consumption, and C -C hydrocarbon y i e l d ,  
could be represented by t h e  q u a d r a t i c  approximation. Figure 5 shows t h e  change of  
c h a r a c t e r i s t i c s  wi th  temperatiire f o r  t h e  secoiid-stage kydrocrackiiig a t  t h e  s p e c i f i e d  
condi t ions .  It is evident  t h a t  t h e  upgrading i s  q u i t e  e f f e c t i v e  a t  t h e  second s t a g e .  
The b e n e f i t  of the second-stage hydroprocessing can be b e t t e r  s e e n  i n  Table  6 ,  which 
shows t h e  ana lyses  of products  ob ta ined  from a two-stage hydroprocessing of t h e  SRC 
blend.  The l i g h t  f r a c t i o n s  (IBP-260°C and 26Oo-350"C, obtained from a Kontes vacuum 
d i s t i l l e r )  of  t h e  second-stage product  have very low s u l f u r  and n i t r o g e n  c o n t e n t s  
(pass  EPA s p e c i f i c a t i o n s  f o r  t u r b i n e  o i l ) .  

Addi t iona l  experiments  were a l s o  made t o  de te rmine  t h e  e f f e c t  of p r e s s u r e  (Figure 6) 
i n  t h e  second-stage hydrocracking.  A s  expected,  t h e  hydrocracking e f f e c t  improved 
w i t h  i n c r e a s i n g  pressure .  

2 

2 5  

Some r e s u l t s  of us ing  c a t a l y s t s  o t h e r  than  N i - W  a r e  a l s o  included.  

2 1 4  
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TABLE 6 .  Two-stage hydroprocessing of  SRC l i q u i d  

S e c o n d - s t a g s  hydroprocessed 
F i r s t - s t a g e  product  

S R G  hydroprocessed IBP- 260'- 
blend product  Overa l l  260°C 35OoC 350"C+ 

Composition, w t  % 
O i l  
Asphaltene 
Benzene i n s o l  

69.50 93.8 96.7 
19.58 6 .1  3.3 
10.92 0 .1  - 

F r a c t i o n ,  w t  % 
I B P  - 260'C 5 .93  21.92 29.54 
26OoC - 350°C 17.70 39.74 45.19 

38.34 25.28 76.36 350'C + 
Elemental a n a l y s i s ,  w t  % 

C 
H 
N 
S 
0 

Ash 
H / c  atomic r a t i o  

S p e c i f i c  g r a v i t y ,  15/15OC 

Viscos i ty ,  c s  a t  60°C 

88.19 
6.78 
1.43 
0.58 
2.89 
0.13 
0.92 

1.122 

450 

89.20 
8.47 
0.84 
0.10 
1 .39  

1.20 

1 .023  

- 

39.8 

89.29 88.46 89.93 90.31 
9.36 11.13 9.46 8.00 
0 .51  0.04 0.11 0.75 
0.049 0.035 0.048 0.113 
0.79 0.34 0.55 0.82 

1.26 1.51 1.26 1.06 

0.980 

5.0 

- - - - 

E SRC blend conta ins  30 p a r t s  SRC s o l i d  and 70 p a r t s  SRC so lvent .  
- Hydroprocessed a t  1800 p s i ,  415°C and 4 hours  w i t h  Ni-Mo. 

Hydroprocessed a t  1800 p s i ,  405'C and 3 hours  w i t h  Ni -W.  
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